Purpose To assess the risk of femoral tunnel convergence in combined anterior cruciate ligament (ACL) and anterolateral ligament (ALL) reconstructions. The hypothesis was that a more proximal and anterior orientation of the ALL femoral tunnel should reduce the risk of convergence with the ACL femoral tunnel. Methods 15 fresh-frozen cadaver knees were examined. An anatomic ACL femoral tunnel was drilled arthroscopically in each specimen and ALL tunnels were made in two directions: (1) 0° coronal angulation and 20° axial angulation, (2) 30° coronal angulation and 30° axial angulation. Computed tomography scans were performed to investigate tunnel convergence and to measure the minimal distance between tunnels, tunnel length and the LFC width. Results Tunnel convergence occurred in 20 of 30 cases (67%). Convergence was significantly reduced when tunnels were drilled at 30° coronal and 30° axial angulation (p < 0.05). The mean length of the ALL tunnel was 15.9 mm [95% CI (13.6; 18.1)] and was independent of ALL tunnel angulation. The mean minimal distance between the ALL and ACL tunnel was 3.1 mm [95% CI (2.1; 4.1)]. The odds ratio for tunnel convergence was 3.5 for small LFC, relative to large LFC (n.s.) Conclusion A high risk of tunnel convergence was observed when performing combined ACL and ALL reconstructions. The clinical relevance of this work is that the occurrence of tunnel conflicts can be reduced by aiming the ALL tunnel in a more proximal and anterior direction. Surgeons should be aware of this, since tunnel convergence could jeopardize the ACL reconstruction and fixation.
Introduction
An anterior cruciate ligament (ACL) tear is one of the most common sports injuries, and frequently requires surgical reconstruction [25, 26] . When performing a state-of-the-art intra-articular ACL reconstruction (ACLR), a remaining pivot shift has been reported to persist in 11-60% of patients [17, 18, 43] and failure of the graft is seen in approximately 1.7-18% of patients [25, 45] . This high failure rate has led to the combination of an intra-articular ACLR and lateral extra-articular tenodesis (LET) in an attempt to control anterolateral instability and to reduce tension on the ACL graft [8, 16, 30, 32, 41] .
Recent studies pretend that the anterolateral ligament (ALL) functions as a secondary stabilizer to the ACL in resisting anterior tibial translation and internal tibial rotation [21, 22, 38, 42, 44] . Therefore, ALL reconstructions (ALLR) becomes increasingly popular among orthopedic surgeons as a LET procedure to augment an ACLR. Several authors agree on performing ALLR in revision cases, patients with a high-grade pivot shift and high-level athletics [15, 20, 35, 36] . Since the rediscovery of the ALL [6] , clinical outcome studies of ALLR are showing promising results and a reduced failure rate [39] [40] [41] .
The current trend in ACLR is to position the femoral tunnel relatively oblique through the anteromedial portal, to better reproduce the native ACL anatomy and orientation for controlling tibial rotation [2, 3, 46, 47] . The femoral insertion of the ALL varies [4] [5] [6] [7] 19] but the ALL Expert Group reached a consensus that the femoral attachment is posterior and proximal to the lateral epicondyle [37] . This implies that the femoral ACL tunnel is in closer proximity of the ALL origin, and so there is theoretically more chance to interfere with the ALLR. Despite the increasing number of studies on anatomic ALLR, to our knowledge, no studies exist on the risk of tunnel convergence.
Tunnel convergence is seen in combined ACL and posterolateral corner (PLC) reconstructions [11, 13, 28, 34] . Because of the close proximity of the LCL and ALL femoral origin [7] , it is reasonable to expect tunnel conflicts in ALLR. In case this is correct, during drilling potential damage could occur to the reconstructed ACL femoral attachment due to the conflicting tunnels.
The main objective of this study was therefore to assess the risk of femoral tunnel convergence in combined ACL and ALL reconstructions. The hypothesis was that a more proximal and anterior orientation of the ALL femoral tunnel should reduce the risk of convergence with the ACL femoral tunnel. The clinical relevance of this study is that it investigates potential complications of combined ACL-ALL reconstructions to reduce the risk of failure of the ACL reconstruction.
Materials and methods
15 fresh-frozen cadaver knees (9 women, 6 men) were studied with a median age of 74 years (ranged from 65 to 103 years). No donor had a history of knee injury or prior surgical intervention. All specimens were stored at − 40 °C and thawed at room temperature for 24 h before testing.
Femoral tunnel drilling
All tunnels were drilled by the same orthopedic surgeon (KS). The knees were placed in a custom-made rig in which they could move freely between 0° and 130°. A high parapatellar anterolateral portal was made as a viewing portal. A low anteromedial portal was established as the working portal for the femoral ACL drilling. An arthroscopic debridement of the ACL and notch was performed to have a clear view on the medial wall of the LFC. A femoral offset guide (Arthrex) of 6 mm was placed behind the LFC while the knee was flexed to 125°. Next, a ACL tightrobe drill pin 4 mm (Arthrex) was drilled at a 2 or 10 o'clock position and subsequently overreamed to 8 mm with a length of 25 mm.
A lateral longitudinal incision of 8-10cm over the lateral epicondyle (LE) was made and subcutaneous tissue and fascia lata were removed. The ALL insertion point was identified, as described by the ALL Expert Group, just proximal and posterior of the LE [37] . From this position, two 2.4-mm guidewires were drilled in two different orientations: (1) 0° coronal angulation and 20° axial angulation, (2) 30° coronal angulation and 30° axial angulation (Fig. 1 ). In the coronal plane, the 0° angulation was perpendicular to the anatomical axis of the femur. In the axial plane, a 2-mm K-wire was reamed through the epicondylar axis and this was used to create the 20° or 30° axial directions with the help of a manual goniometer. The anatomical and epicondylar axes were used for a better reproducibility during real-life surgery. Both 2.4-mm guidewires were overdrilled with a 4.5-mm reamer until the second cortex was reached.
Computed tomography imaging
After the tunnels were completed, specimens were transported to the radiology department and imaged by computed Fig. 1 The ALL tunnel was drilled at a 0° coronal and 20° axial angulations and b 30° coronal and 30° axial angulations. *Anatomical axis; **transepicondylar axis tomography (CT) on a Siemens Somatom Force dual source 192-slice CT scanner (Siemens Healthineers, Erlangen, Germany) using tube voltage settings of Sn150kV and 300mAs and a bone kernel. 3D post processing of the thin slices (slice thickness 0.4 mm, isotropic voxels) was performed using bone window and level settings on Syngo.Via VB10B software (Siemens Healthineers, Huizingen, Belgium) and allowed for assessing tunnel convergence and measuring distances (Fig. 2) .
All measurements were performed by an expert musculoskeletal imaging radiologist and confirmed by an experienced orthopedic surgeon. To quantify variations between both investigators, the intra-cluster correlation was determined. Drilling angles were measured and matched the intended angles. The potential variation in ACL tunnel orientation was investigated by measuring the angle between the ACL tunnel and the anatomical axis of the femur in the coronal and sagittal planes. To quantify the ACL tunnel position, a 2D reference plane was created and the position of the entry point was described. The occurrence of tunnel convergence between both ALL tunnels and the ACL tunnel was noted. If convergence was observed, the length of both tunnels from the entry point to the conflict was measured. If no tunnel interference was seen, the minimal distance between the ACL and ALL tunnels was calculated for data analysis. In addition, tunnel length was measured for both tunnels from their entry point to the point where the tunnel was at his shortest distance to the other tunnel. If the differences in results between the two observers were more than 1 mm, measurements were done again. To determine the relationship between LFC width and tunnel convergence, all knees were divided in two groups, depending if there were above or below the average LFC width.
This study was performed after ethical approval from the Institutional Review Board at the University of Hasselt (CME2016/670).
Statistical analysis
For each knee, the outcomes are observed for both ALL tunnel angulations. As a result, the measurements cannot be treated as independent. A generalized estimating equations (GEE) model was used with an unstructured working correlation to take into account the dependency of observations. For the binary outcome (convergence of tunnels yes or no), a logit link with a binomial distribution was specified and for the continuous outcomes (distances and length) an identity link with a normal distribution was used. The effect of ALL tunnel angulation is investigated in this model by introducing ALL tunnel angulation as an explanatory variables in the model. A 5% level of significance is used and a statistical analysis is performed in SAS for windows version 9.4. A power calculation for a one-sided test for paired proportions with a significance level of 5% has a power of 78% to detect a difference in femoral tunnel convergence rate with a sample size of 15 cadaver knees between tunnels drilled at 30° coronal/30° axial angulation and 0° coronal/20° axial angulation. 
Results
Tunnel convergence occurred in 20 of 30 cases (67%). Convergence occurred significantly more frequent (p = 0.0072) when tunnels were drilled at 0° coronal and 20° axial angulations (87% conflicts) compared to 30° coronal and 30° axial angulations (47% conflicts), with an odds ratio of 7.4.
In the non-converging tunnels, the mean minimal distance between tunnels was 3.1 mm [95% CI (2.1; 4.1)], ranging from 1 to 6 mm. From that distance, the mean length of the ALL and ACL tunnels was, respectively, 17.5 mm [95% CI (14.4; 20.5)] and 23 mm (95% CI [20; 26] . Large femurs were defined as those with above average LFC width, and small femurs as those with LFC width below average. There were nine small femurs with a tunnel convergence rate of 77.7%. From the six large femurs, 50% of reaming combinations showed tunnel conflicts. There was no significant difference between both groups (n.s.) and an odds that was 3.5 times higher for the small femur group, relative to the large femur group.
The intra-cluster correlation between the two independent observers was always higher than 0.95. The mean orientation of the ACL tunnel was 48.1° ± 9.5° in the sagittal plane and 39.6° ± 8.4° in the coronal plane. Using the quadrant method described by Forsythe [10] with a 2 × 2 grid, the aperture of all ACL tunnels was located in the same proximal upper quadrant.
Discussion
The primary finding of this work is that there is a high risk of tunnel convergence in combined ACL and ALL reconstructions. The risk of creating a tunnel conflict can be significantly reduced by drilling the ALL tunnel in a more proximal and anterior direction, supporting our initial hypothesis.
Despite the growing interest in ALL reconstructions and the high convergence rate in combined ACL and PLC reconstructions [11, 13, 28, 34] , to our knowledge, no studies were performed on the risk assessment for combined ACL and ALL reconstructions. When tunnels converge in multiple knee ligament reconstructions, it may lead to graft damage or excessively short tunnels [13] . During the last decades more attention has been drawn onto anatomical placement of the ACL femoral tunnel because of its biomechanical advantage for rotational stability [24, 29, 33] . In this study, the femoral tunnel was drilled through a low anteromedial portal in the center of the ACL footprint. With this technique, it was found to allow easier and more anatomical placement of the ACL tunnel compared to the transtibial technique [12] . As a consequence, the direction of the tunnel is more horizontal and in closer proximity with the ALL origin. There is some discussion about the exact femoral insertion, but experts reached a consensus that the ALL origin is just proximal and posterior to the lateral epicondyle [14, 37] , and thus this was used as the entry point of the ALL tunnel. Because of this close relation with the origin of the fibular collateral ligament (FCL), our tunnel directions were based on studies which examined tunnel conflicts in combined ACL-FCL reconstructions. Gelber et al. [13] and Moatshe et al. [28] found that 30° axial angulation and 0° coronal angulation were the most safe combinations for FCL tunnel drilling. Gali et al. [11] concluded 20° axial and 20° coronal angulations as the least risky combination for tunnel convergence. Tunnel angulations greater than 40° in the axial plane were avoided because this can result in elliptical tunnels and thinned cortices [34] . In the same way, 0° directions in the axial plane were excluded because of the risk of penetrating the posterior cortex or intercondylar notch [11] .
Femoral graft fixation for ALL reconstruction varies but is usually achieved by an interference screw or bone anchor, with a femoral socket diameter ranging from 4.5 to 6 mm and tunnel length of at least 20 mm [5, 15, 16, 35, 37] . The ALL reconstruction technique consists of a 1-cmwide iliotibial band strip that is passed underneath the most proximal part of the FCL and is fixed in a femoral socket of 25 mm length using a 4.8-mm fully threaded knotless anchor (SwiveLock PEEK, Arthrex). In this study, a guide pin was Table 1 Tunnel length and minimal distance between ALL and ACL tunnels All data are expressed in millimeters as mean (95% CI). In non-convergence tunnels, tunnel length is measured from the entry point to the point where the tunnel is at the shortest distance to the other tunnel overreamed by a 4.5-mm drill until the medial femoral cortex was reached. In that way, the length of the ALL tunnel could be measured from the lateral femoral entry point until the point where both tunnels were at the shortest distance from each other. Our results showed that the mean ALL tunnel length was 15.9 mm when convergence occurred. No significant difference between the different drilling combinations was noticed (Table 1) . However, most authors recommend tunnel length of 20 mm or 25 mm for safe graft to bone tunnel healing [1, 12, 13, 23] , thus using shorter tunnels to avoid tunnel convergence could potentially compromise graft tunnel healing. Because of the high rate of tunnel convergence and short ALL tunnel length, the authors recommend to first look arthroscopically through the ACL tunnel to see if the guide pin appears (Fig. 3) . If so, the guide pin can be re-drilled under arthroscopic view. Different surgical techniques for combined ALL and ACL reconstructions are described [5, 9, 15, 31, 35, 36, 41, 48] and the high rate of tunnel convergence seen in our paper is not relative to all of them. Specifically, outside-in femoral ACL reconstruction techniques allow a precise placement of the femoral tunnel and this can be adapted in function of the ALL tunnel position, reducing the risk of tunnel conflicts [15, 36] . Furthermore, Sonnery-Cottet et al. published the largest outcome study of ALL reconstructions using a single femoral tunnel for both ALL and ACL reconstructions, and hereby the risk of tunnel convergence was avoided [41] .
The odds to have a tunnel conflict was 3.5 times higher in knees with a small LFC relative to knees with a large LFC. The non-significant difference is probably due to the relative low sample size, although the number of cadaveric specimens in our study was higher than other papers that have used human knees to assess the risk of tunnel convergence [11, 13, 34] .
This study has a number of limitations. A limited number of drilling combinations were tested, whereas in theory one could consider several other combinations of angulation. In addition, the ACL was drilled through an anteromedial portal in 125° of flexion using an offset guide, whereas several variations in anatomic ACL reconstructions exist. Another limitation is that only an 8-mm ACL tunnel diameter was used, based upon the most frequently used singlebundle ACL graft diameter [27] . Finally, no clinical outcome reports are available for the combined ACL and ALL reconstruction technique used in this study.
Conclusion
Tunnel convergence in combined ACL and ALL reconstructions was studied using an inside-out anteromedial portal technique for ACL tunnel drilling. A high risk of tunnel convergence was observed and this could be reduced by aiming the ALL tunnel in a more proximal and anterior directions, however, tunnel conflicts were still seen in almost 50%. The clinical relevance is that surgeons should be aware of this, since tunnel convergence could jeopardize the ACL reconstruction and fixation. Outside-in or transtibial femoral ACL drilling techniques have not been evaluated. 
